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ABSTRACT: Fuel cell systems are of interest for a wide range of applications, in part for their utility in power generation 
from non-fossil fuel sources. However, the generation of these alternative fuels, through electrochemical means, is a rela-
tively inefficient process due to gas passivation of the electrode surfaces. Uniform micro-structured nickel surfaces were 
prepared by photolithographic techniques as a systematic approach to correlate surface morphologies to their performance 
in the electrochemically driven oxygen evolution reaction (OER) in alkaline media. Hexagonal arrays of micro-structured 
Ni cylinders were prepared with features of proportional dimensions to the oxygen bubbles generated during the OER 
process. Recessed and pillared features were investigated relative to planar Ni electrodes for their influence on OER perfor-
mance and, potentially, bubble release. The arrays of cylindrical recesses were found to exhibit an enhanced OER efficiency 
relative to planar nickel electrodes. These micro-structured electrodes had twice the current density of the planar electrodes 
at an overpotential of 100 mV. The results of these studies have important implications to guide the preparation of more 
efficient fuel generation by water electrolysis and related processes. 
1. Introduction 
In this study, arrays of cylindrical Ni micro-structures 
were prepared on top of planar Ni electrodes to seek a 
structure property correlation for guiding the preparation 
of electrode designs that improve the efficiencies of elec-
trolysis systems. In an effort to reduce our dependence on 
fossil fuels and our carbon emissions, the use of alternative 
methods for energy generation that are cleaner and more 
easily renewed, such as through capturing solar energy and 
harnessing wind energy, have become increasingly promi-
nent in recent years.1-7 However, due to the intermittent 
nature of these alternative energy sources, a reliable 
method is required for saving excess power for storage or 
transportation.4,8 Potential solutions to our storage needs 
include fuel cells and batteries, such as lead acid, nickel 
metal-hydride, and lithium ion batteries.4,5,8-10 Fuel cells 
that utilize gaseous fuels, such as hydrogen, have been 
demonstrated to be a cost effective power source.9-11 This 
type of fuel cell also has the advantage of decoupling their 
power generation (i.e. fuel consumption) and fuel genera-
tion systems, so the systems can be effectively charged 
while simultaneously generating power.12 Stored hydrogen 
fuel, for example, can be transported to different locations 
for use in proton exchange membrane fuel cells (PEM-
FCs).13-14 However, it remains a challenge to expand fuel 
storage capacity, as well as to provide safe long-term stor-
age of hydrogen.4,8-12 Due to such limitations, the use of 
PEMFCs have been predominantly focused on mobile sys-
tems with a reduced capacity (e.g., forklifts, cars, and 
buses) relative to the capacity required to buffer the differ-
ences between the cycles of power generation from alter-
native means and the continuous demands of the grid.4,8-9 
Other types of fuel cells, such as the zinc-air fuel cell 
(ZAFC), are being developed as alternative stationary 
power needs. The ZAFC utilizes metallic zinc pellets as the 
fuel source. One advantage of this system is that its capac-
ity can be easily expanded by increasing the size of its fuel 
reservoir and the zinc fuel can be stored as an aqueous sus-
pension of particulate metal solids for relatively safe use in 
residential or industrial applications.15-17  
A common limitation to all power conversion processes 
are the inefficiencies in these processes. In fuel cells, these 
limitations reside, in part, in the processes required to gen-
erate the fuel. Inefficiencies in fuel generation are related 
to the build-up of gases as they are formed at the electrode 
surfaces. Water electrolysis generates hydrogen and oxy-
gen at the cathode and anode, respectively, which can be 
used as fuels in PEMFCs.4,6,8-9 The ZAFCs utilize electro-
chemical methods to produce the required fuel of particu-
late zinc15-17, and simultaneously the oxygen evolution re-
action (OER) generates oxygen gas at the anode.16-17 The in-
efficiency of these electrochemical fuel production pro-
cesses can be observed with a drastic increase in resistance 
of these systems as gas bubbles are formed at the electrode 
surfaces.18-20 The formation of persistent bubbles on the 
electrode surfaces can impede ionic transport and block 
the catalytic active sites.18-20 Catalyst materials and elec-
trodes with larger surface areas can increase OER activity, 
but are more susceptible to significant increases in re-
sistance as relatively large amounts oxygen are generated 
 at these electrodes.21-23 The efficiency of these electrochem-
ical processes may be improved by enhancing the removal 
of bubbles from the surfaces of these electrodes. Improving 
the efficiency of fuel generation is valuable for both water 
electrolysis and rechargeable metal-air systems that de-
pend on anodic OER processes. Further optimization to 
the design of the interface between the electrode and the 
electrolyte to promote release of gas bubbles could im-
prove the overall efficiency of these fuel cell systems.  
Electrode designs incorporating nano- and micro-scale 
features can be used to tune the reaction kinetics of HER 
and OER processes.24-25 For example, efficiency of OER in 
alkaline solutions can be impacted by electrochemically 
deposited Ni nano-structures 18, 22, incorporation of flower-
like Ni particles26, or Ni inverse opals.23,27 Some of these 
electrode structures can improve the efficiency of OER 
through the use of randomly arranged structures created 
by direct electrodeposition, or the creation of structured 
surfaces using hydrogen bubbles of various diameters as 
negative templates.18,22-25 A primary goal of our study is to 
prepare and evaluate Ni electrodes with well-defined, reg-
ularly spaced arrays of Ni micro-structures. We sought po-
tential correlations between the morphology of these Ni 
electrodes and their OER efficiency in alkaline solutions.  
 In this study, we prepared Ni electrodes with regular ar-
rays of cylindrical pillars or recessed features of an equiva-
lent thickness, and evaluated their electrochemical perfor-
mance in comparison to planar Ni electrodes. These arrays 
of micro-structured surfaces were defined by polymer tem-
plates patterned by photolithographic techniques, and the 
Ni structures were created by Ni electrodeposition through 
the polymer templates followed by selective removal of 
these templates. The physical dimensions and morphology 
of the structured Ni electrodes were characterized by scan-
ning electron microscopy (SEM), and their wetting charac-
teristics were determined by water contact angle (WCA) 
measurements. Electrochemical characterization of these 
electrodes included cyclic voltammetry (CV) for the deter-
mination of electrochemical surface area (Aecsa), and OER 
performance as determined through linear sweep voltam-
metry (LSV), chronopotentiometry (CP), and chronoam-
perometry (CA) techniques.  
2. Materials and Methods 
2.1 Materials and Supplies 
The KOH electrolyte used in this study was prepared 
from potassium hydroxide pellets (AR®, ACS grade) pur-
chased from Avantor Performance Materials (PA, United 
States). A 6.35-mm diameter Ni 200 rod (99.6%) was pur-
chased from Online Metals (www.onlinemetals.com) for 
making the Ni electrodes. The photolithography process 
used materials that included AZ® 1518 photoresist and MF-
319 developer that were purchased from MicroChemicals 
GmbH (Germany); and chromium photomasks purchased 
from 4D LABS at Simon Fraser University 
(www.4dlabs.ca). Nickel electrodes used in this study were 
polished with materials purchased from Allied High Tech 
Products. The nickel Watts plating bath was purchased 
from Transene Company (MA, United States). All electro-
chemical analytes were purged and a head space main-
tained with 99.998% purity N2 (g) that was purchased from 
Praxair, Canada. All water used to prepare the necessary 
solutions and for rinsing of the electrodes was filtered with 
a Barnstead DIamondTM deionized water system with an 
output of 18 MΩ·cm.  
2.2 Preparation of Structured Nickel Electrodes  
The nickel rod was sectioned into smaller cylindrical sec-
tions, each with a length of 8 mm. The working ends of the 
Ni electrodes were polished to a mirror finish using a series 
of alumina polishing pastes with colloidal diameters of 5 
m, 0.3 m, and 0.05 m, respectively. The resulting pol-
ished Ni stubs were used as the substrates upon which all 
samples were prepared. The Ni electrodes containing reg-
ular arrays of pillared or recessed cylindrical structures 
were prepared by the following photolithography process: 
(1) spin cast AZ® 1518 photoresist (PR) onto the substrate at 
4,000 rotations per minute (rpm); (2) place the desired Cr 
photomask onto the PR coated substrate and expose to UV 
light (365 nm; UVP® Blak-Ray B-100SP portable UV) for ~45 
s; (3) develop the exposed PR by immersion in a solution of 
MF-319 developing solution for ~2 min, followed by rinsing 
with water; (4) assemble the Ni substrate with the pat-
terned PR into a ChangeDisk (Pine Research Instrument, 
NC, United States) electrode holder; (5) immerse this as-
sembly into the Ni plating bath and electrodeposit Ni onto 
the exposed regions of the Ni substrate at 5 mA/cm2 for ~3 
min; (6) inspect the deposited Ni substrate with a Zeiss 
Axio M1m optical microscope using a differential interfer-
ence contrast filter to monitor the Ni deposition process 
and to initially assess the thickness of deposited Ni relative 
to that of the templates (step 5 was repeated if necessary); 
and (7) remove the PR with acetone to reveal the electro-
deposited features. A schematic of the process to prepare 
structured Ni electrodes with regular arrays of cylindrical 
features is portrayed in Figure 1a.  
2.3 Physical Characterization of Structured Nickel Elec-
trodes 
Scanning electron microscopy was used to inspect the 
morphology and dimensions of the electrodeposited Ni 
features. The SEM data were collected using an FEI Nova 
NanoSEM system operating at 10kV and using a secondary 
electron detector. Thickness of the electrodeposited Ni was 
verified by tilting each substrate by 55 degrees to inspect 
the side profile and heights of the cylindrical features. Wa-
ter contact angles (WCAs) were obtained using a VCA Op-
tima (AST Products, MA, United States) contact angle 
measurement instrument. The WCA of each electrode was 
measured 5 times by placing 1 L water droplets at different 
locations on these electrodes. The WCA values were digi-
tally determined using the AutoFAST imaging software.  
2.4 Characterization of Composition of Structured 
Nickel Electrodes 
X-ray photoelectron spectroscopy (XPS) was performed 
to verify the chemical composition of the Ni electrodes. 
These studies were conducted using a Kratos Analytical 
 Axis ULTRA DLD system with a monochromatic alumi-
num source (Al Kα of 1486.7 eV) operating at 150 W with a 
90° take-off angle. Survey scans (0 to 1200 eV) were ac-
quired using a pass energy of 160 eV, a dwell time of 100 
ms, and 1 sweep. High resolution scans were obtained us-
ing a pass energy of 20 eV, a dwell time of 500 ms, and 15 
sweeps. An area of 700 µm by 300 µm was analyzed in three 
separate regions of each sample to evaluate the uniformity 
of their surface composition. The XPS peak analysis and 
quantification of atomic composition, with appropriate 
relative sensitivity factors, was performed using Vision 
Processing software. 
 
 
Figure 1. (a) A schematic depiction, drawn to proportion, of 
the photolithographic process used to prepare structured 
nickel electrodes. End of life scanning electron microscopy 
(SEM) images are included for (b) an array of recesses, each 
with a diameter (ø) of 20 m, in a Ni film, and (c) an array of 
20-m ø Ni pillars. (d, e) Higher magnification SEM images 
were obtained at a tilt of 55 degrees (d, array of recesses; e, 
array of pillars). 
2.5 Electrochemical Characterization of Structured 
Nickel Electrodes 
A series of electrochemical experiments were performed 
to condition the electrodes for OER, to determine the Aecsa 
of the samples, and to determine the OER efficiency of the 
electrodes. These experiments were performed using a Bio-
Logic Science Instruments SP-150 potentiostat in addition 
to an analytical rotating disk electrode (RDE) system 
(Modulated Speed Rotator, Pine Research Instrumenta-
tions, PA, United States). Electrochemical data was col-
lected using EC-Lab data analysis software (V10.18). The 
prepared electrodes were incorporated as the working 
electrode into a typical three electrode set-up using a cus-
tom glass electrochemistry cell with a single junction, 10-
mm diameter, Ag/AgCl reference electrode (Fisher Scien-
tific™ accumet™ Single Junction Glass Body Ag/AgCl Ref-
erence Electrode), and a Ni (0.5-mm diameter; 99.994%; 
Alfa Aesar) wound wire counter electrode. All electro-
chemical experiments were performed in an 8 M KOH so-
lution that was purged with N2 (g) for at least 30 min prior 
to the commencement of the experiments. This concentra-
tion of KOH is in-alignment with concentrations com-
monly used for industrial alkaline electrolyzers and fuel re-
generation systems associated with metal-air fuel cells.15, 18-
20 A positive N2 atmosphere was maintained in the head 
space of the electrochemical cell throughout the experi-
ments. Each Ni electrode surface was briefly rotated at 
9,900 rpm and visually verified to be free of adsorbed sur-
face bubbles. The CV measurements were performed at a 
scan rate of 100 mV/s, with a sweep range from −0.4 to 0.5 
V, at an ambient temperature of 22.1°C ±0.2, and with a ro-
tation speed of 800 rpm. The subsequent LSV experiments 
were performed with the same set-up, but at different ro-
tation speeds and with potentials scanned from 0.3 to 0.7 
V at a sweep rate of 5 mV/s. These parameters were chosen 
to assess the catalytic efficiency of OER for these electrodes 
in alkaline solutions. Further CP and CA experiments were 
performed by holding the working electrode at 100 
mA/cm2 or a 100 mV overpotential, respectively, for 10 min. 
Fourier transform analyses were performed using MATLAB 
(R2016a) to extract the frequencies of the current oscilla-
tions within the CA data.  
3. Results and Discussion 
3.1 Characterization of the Micro-structured Nickel Elec-
trodes 
Micro-structured Ni electrodes containing arrays of cy-
lindrical features with a uniform diameter, spacing, and 
thickness were prepared for the evaluation of their OER 
performance. These regular arrays of cylindrical pillars or 
recesses, arranged in a hexagonal pattern, were prepared 
on the surfaces of polished Ni electrodes. These features 
are henceforth abbreviated as Ni recesses and Ni pillars. 
These cylindrical features had diameters of 20 m and a 
minimum spacing of 7 m between the features. The SEM 
analysis confirmed the regularity of these patterned arrays 
and also determined that the electrochemically deposited 
features had an average thickness of ~1 m ±0.09 (Figures 
1b-1e). Examples of the cross-sectional measurements ob-
tained from a tilted view of the samples at high magnifica-
tion analyses by SEM are presented in Figure S1. The uni-
form arrays of cylindrical features with regular spacing al-
low us to determine the theoretical increase in surface area 
(or theoretical surface roughness) of the electrodes. The Ni 
 pillars and Ni recesses were both prepared with consistent 
physical dimensions (i.e. the cylindrical features for each 
type of electrode had equivalent feature diameters, spac-
ing, thickness, and percent surface area increase). The 
stringent control over electrode surface features enables us 
to observe bubble release dynamics that is affected solely 
by a single electrode surface parameter, where the only dif-
ference between the samples is the contrast in their surface 
features (i.e. pillars versus recesses). The lateral dimen-
sions of the features were chosen due to its intermediate 
size to those reported in the literature. For example, po-
rous Ni foams have been previously prepared by electrode-
positing Ni through hydrogen gas bubble templates ad-
sorbed onto the surfaces of an electrode.23 These electrodes 
contained spherical pores with diameters from 650nm to 
100m, which exhibited an improved OER performance. 
In addition, the diameters of our cylindrical features is 
about one order of magnitude less than the estimated di-
ameter of the oxygen bubbles at the point of detachment 
from planar electrode surfaces in alkaline analytes (i.e. 200 
to 280 m).22 It was anticipated that larger surface features 
(in contrast to those <1m) may have more of an impact 
on bubble release dynamics and, therefore, the OER effi-
ciencies of these electrodes might be improved. The low 
aspect ratios of the cylindrical features were chosen to 
minimize the surface roughness and potentially avoid trap-
ping oxygen gas bubbles at the electrode surfaces.  
The electrochemical active surface area (Aecsa) was deter-
mined for each of our electrodes to assist in comparing the 
OER performance of each type of electrode. The Aecsa of 
each sample was determined by integrating the area under 
the reduction peaks of the conditioned CV profiles. The to-
tal charge (area under the peak) was converted to Aecsa us-
ing the assumption that the formation of one monolayer of 
α-Ni(OH)2 has a surface charge of 514 μC /cm2.27-30 Due to 
the presence of both -Ni(OH)2 and -Ni(OH)2 on the con-
ditioned Ni surfaces, the Aecsa determined from the reduc-
tion peaks in the CV profiles might be underestimated.30-31 
Since the same method was used to determine Aecsa for all 
the samples, the estimation of Aecsa is self-consistent 
througout this study. Control samples were used to further 
assess changes in OER performance. A polished Ni elec-
trode, as well as a planar Ni electrode coated with ~1 m of 
electrodeposited Ni were used as standard samples. The 
SEM analysis of the electrodeposited Ni thin films indi-
cated the presence of nanoscale roughness in contrast to 
the surface textures on the polished electrodes. Despite 
these differences in surface texture, these control samples 
had similar Aecsa values (Table S1). These results suggest 
that differences in surface roughness observed in the SEM 
analysis only had a small impact (estimated to be ~7 %) on 
their electrochemical active surface areas. This similarity 
of the polished and electrodeposited planar Ni electrodes 
was further confirmed through LSV experiments, which 
will be discussed in further detail in the following section. 
The CV analysis suggested that the Ni pillars and Ni re-
cesses exhibited an increase in Aecsa of 55% and 34%, respec-
tively. This variance in Aecsa can be attributed to a combi-
nation of possible surface roughness differences, presence 
of adsorbed surface bubbles, and minor height differences 
between the electrodeposited pillar and recess features. 
The various forms of Ni exhibit different electrochemical 
stabilities and OER activities under alkaline conditions.25,31-
34 To minimize variability in the phases of Ni present at the 
surfaces of these electrodes, a minimum of 300 electro-
chemical cycles (cycled from –0.4 to 0.5 V versus Ag/AgCl) 
were applied to each electrode. This process transformed 
their surfaces to achieve a uniform Ni phase prior to as-
sessing OER activities. Typical CV profiles obtained during 
the conditioning of an array of 20-m diameter pillars are 
shown in Figure 2. This figure portrays a shift in position 
(from 0.25 to 0.28 V) of the Ni oxidation peak, which we 
hypothesize could be attributed to the following reasons: 
(1) It is possible that the initial cathodic peak (at 0.25 V ver-
sus Ag/AgCl) may be a partially oxidized form of -
Ni(OH)2 under the highly alkaline conditions.34 Due to the 
increased nanoscale roughness on the surfaces of the elec-
trodeposited Ni and the cylindrical micro-structure fea-
tures, the probable presence of trapped air bubbles, and 
the simultaneous generation of oxygen bubbles when scan-
ning the potential, some of the -Ni(OH)2 may be difficult 
for the electrolyte to access. The relatively fast scan rate 
(100 mV/s) used in this study might also lead to insufficient 
mass transport of electrolyte into the microporous struc-
ture of the electrodes, which would hinder the complete 
oxidation of the electrode surfaces. Therefore, the oxida-
tion of -Ni(OH)2 to -Ni(OH)2 might progress with sub-
sequent scans of the potential, resulting in the observed 
shift in the cathodic peak. (2) It is possible that all of the 
-Ni(OH)2 was oxidized at much lower potentials (~-0.2 V 
versus Ag/AgCl) due to relatively high alkalinity of the an-
alyte. A broad peak associated with this oxidation can be 
observed in the first profile in the CV analyses. This species 
is irreversibly oxidized and, therefore, absent in the profile 
of the second scan (Figures S2 and S3). The peak shift ob-
served in Figure 2 could be due to the transformation of -
iinto-i.35-36 This growth of the oxide layer 
reaches an equilibrium state with progressive scans of the 
potential, which is indicated by obtaining consistent CV 
profiles after obtaining the 300th profile (Figure S3). The 
oxide layer could also become progressively more difficult 
to oxidize due to its increased thickness and formation of 
mesoporous structures within the oxide layer.33 Therefore, 
the cathodic peak progressively shifts and then reaches a 
consistent position and intensity as observed with the in-
creasing number of scans of the potential. Electrodes ana-
lyzed without going through the conditioning process ex-
hibited a continuous increase in the measured OER over-
potential during the CP experiments (Figure S4).  
  
Figure 2. A series of overlaid cyclic voltammetry (CV) profiles 
obtained during oxidative conditioning of an array of 20-m ø 
Ni pillars. Individual CV profiles are plotted at increments of 
~40 cycles between the 1st and 300th profiles. 
In addition to the phase of Ni present in the electrode 
surfaces, its elemental composition and purity can also in-
fluence the measured OER activity. For example, Ni-Fe can 
exhibit an increased OER activity in contrast to pure Ni.37-
41 Composition of our polished Ni electrodes and Ni elec-
trodes with a thin film (~1 m) of electrodeposited Ni (de-
posited from the commercial Watts bath) was confirmed 
through X-ray photoelectron spectroscopy (XPS) measure-
ments (Figure S5). There was a trace presence of Fe in both 
types of Ni electrodes. The Ni electrode raw material (Ni 
200) and the Watts Ni electrodeposition bath were speci-
fied to contain up to 1,200 and 6 ppm of Fe, respectively. 
The results from the LSV experiment described in the fol-
lowing section suggests that the potential difference in Fe 
content between the two types planar electrodes is not sig-
nificant enough to result in substantial performance differ-
ences for OER throughout all rotational speeds (Figure 3a). 
It is possible that trace levels of Fe could also be present in 
the KOH electrolyte. The presence of any impurities in the 
electrolyte were consistent for all of the experiments. Pre-
vious studies suggest that the performance of Ni based 
electrodes for OER is similar at overpotentials of <250 mV 
despite significant differences in the Fe content of various 
samples (e.g., up to 50% Fe).37 The following electrochem-
ical analyses of the micro-structured Ni electrodes and pla-
nar control electrodes were performed at overpotentials of 
100 mV to minimize any potential contributions from trace 
Fe when assessing their performance for OER.  
 
3.2 Assessing the Oxygen Evolution Reaction for Micro-
structured Nickel Electrodes 
The OER activities of the micro-structured and planar Ni 
electrodes were determined through a series of RDE based 
LSV experiments. The electrodes were each rotated at a se-
ries of speeds from 500 to 8,900 rpm to determine their 
optimal rotation speed for mass transport. In between the 
LSV experiments at each rotational speed, bubbles adhered 
to the electrode surfaces were removed from the working 
electrode by briefly rotating the electrodes at 9,900 rpm. 
This bubble removal process was directly followed by a se-
ries of five conditioning CV scans (as described in the Ma-
terials and Methods) to ensure electrochemical stability of 
the working electrodes, as well as to establish a consistent 
starting condition for each LSV experiment. The LSV ex-
periments were performed in triplicate for each electrode 
and at each of the rotational speeds. Examples of Tafel 
plots derived for each of the electrodes at different rota-
tional speeds are presented in Figure S6. For ease of com-
paring these results, the average current densities versus 
Aecsa were obtained from the Tafel plots for each electrode 
at an overpotential of 100 mV (trends observed between 
each of the electrodes were consistent beyond this point) 
and plotted with respect to a series of rotational speeds 
(Figure 3). The electrodeposited Ni film exhibited a slight 
increase in the current density (<2 mA/cm2) when com-
pared to the polished Ni electrode at rotational speeds 
from 500 to 1,300 rpm. The polished Ni electrode generally 
exhibited a larger relative increase in its current density 
when compared to the electrodeposited Ni film at rota-
tional speeds from 2,100 to 8,900 rpm. The observed differ-
ences in performance of these planar electrodes were pri-
marily attributed to the errors in the measured current 
densities as observed in the overlap of the calculated stand-
ard deviation from the mean values. The average 3-sigma 
standard deviation that accounts for 99.7% of the variation 
observed in the current density for the electrodeposited Ni 
film and the polished Ni throughout all of the rotational 
speeds (500 to 8,900 rpm) were 2.73 and 0.66 mA/cm2, re-
spectively. Despite the observed variation in current den-
sities between the two electrodes, a significant increases 
(~4 times) in current density was observed for both elec-
trodes at higher rotational speeds (>3,000 rpm) when com-
pared to values obtained at lower rotational speeds (<1,300 
rpm). This phenomenon could indicate that there is a mass 
transport limitation at lower rotational speeds for these 
electrodes (Figure 3a). The two planar electrodes exhibited 
a significant difference in their current density at a rota-
tional speed of 3,400 rpm. According to the trend observed 
for an increasing current density with rotational speed, this 
rotational speed appears to be at the threshold of the ob-
served mass transport limitations. It is possible that the 
electrodeposited Ni has a transition at slightly lower rota-
tional speeds (e.g., at 3,000 rpm) than the polished Ni due 
to the slight difference in their surface roughness. This var-
iation may result in the significant difference in current 
densities observed at the rotational speed of 3,400 rpm. 
A similar trend of increasing current density at higher 
rotational speeds was also observed in the LSV experi-
ments for the arrays of Ni pillars (Figure 3b). The increase 
in OER current density as a function of increasing rota-
tional speeds was more gradual for the arrays of Ni pillars 
than that observed for the planar Ni electrodes.  
 
  
Figure 3. Specific current densities measured at an overpoten-
tial of 100 mV as a function of rotational speed for (a) planar 
Ni films obtained by either electrodeposition or mechanical 
polishing, and (b) structured Ni electrodes containing an array 
of either 20-m diameter cylindrical recesses or cylindrical pil-
lars. The error bars represent a 1σ variation in the measured 
current. 
The OER current density for the Ni pillars was, however, 
nearly twice the values of the planar electrodes at rota-
tional speeds from 500 to 1,300 rpm. The current density 
differences among these electrodes gradually diminished 
and reached similar maximum values as the rotational 
speed was increased from 2,100 to 8,900 rpm. This increase 
in OER current density for the Ni pillars at the lower rota-
tional speeds when compared to the planar electrodes may 
be the result of a combination of effects. The Ni pillars 
could exhibit an increase in the lateral shear flow in be-
tween the surface micro-structures, resulting in an im-
proved reagent flux, increased removal of the dissolved ox-
ygen by-product, and reduced bubble adhesion at the elec-
trode surfaces.42  
The Ni pillar and Ni planar electrodes both exhibited an 
enhanced current density for OER at an overpotential of 
100 mV as a function of rotational speed in comparison to 
the planar electrodes. A different phenomenon was, how-
ever, observed for the arrays of micro-structured recesses 
in comparison to the other types of Ni electrodes. The Ni 
recesses exhibited excellent OER activity at rotation speeds 
as low as 500 rpm. These results indicated that the Ni re-
cesses had better mass transport (i.e., bubble release) prop-
erties in comparison to the other Ni electrodes. The fluid 
dynamic stability of gas bubbles in a liquid medium can be 
estimated by Weber number calculations. This model has 
been shown to successfully describe critical bubble dimen-
sions leading to either a disintegration in size or bubble 
coalescence.41,43-44 A Weber number was calculated for the 
Ni recesses and Ni pillars (Figure S7) to demonstrate the 
theoretical stabilities of O2 bubbles formed on each of the 
electrodes. The characteristic length used in these calcula-
tions was assessed as the separations between the recessed 
features observed in a cross-sectional profile of each elec-
trode (i.e. 20 m for the Ni recesses, and 7 m for the Ni 
pillars). The trend in the Weber number agreed with the 
observed OER activity of these electrodes. The O2 bubbles 
formed in the Ni recesses were predicted to be less stable 
than the bubbles that were formed in between the Ni pil-
lars. The predicted destabilization of O2 bubbles for the ar-
rays of Ni recesses agrees with the observed higher OER 
current density for these surfaces at reduced electrode ro-
tational speeds, where the arrays of Ni recesses were 2 
times more active than the arrays of Ni pillars. The WCA 
measurements that assessed the wetting properties of 
these electrode surfaces also indicated that the Ni pillars 
were more hydrophobic (WCA= 88o) than the Ni recesses 
(WCA= 83o) (Figure S8). These additional results suggested 
that the Ni pillars may have a higher tendency than the re-
cesses to trap oxygen bubbles at the interface between the 
electrode and the electrolyte. 
To further assess the electrochemical characteristics of 
the micro-structured Ni electrodes, constant potential CA 
experiments were performed at the same rotational speeds 
as the LSV experiments. The outcome of the LSV experi-
ments only provides a “snapshot” of the efficiency of each 
electrode at a given potential and at a particular instance 
in time. Although this method serves as a quick technique 
for characterizing each of the electrode’s performance to-
wards OER as a function of rotational speed, the complete 
dynamics of bubble release might not be fully understood 
from these experiments. Constant potential CA experi-
ments were, therefore, performed over longer durations for 
both the cylindrical pillars and recesses to assess their 
steady state OER performance. Data was collected over a 
duration of 10 min for each rotational speed. A Levich plot 
was constructed from experimental data using the current 
averaged from each CA profile between 560 and 600 s. This 
resulting plot allows a visual identification of the different 
mass transport characteristics of the electrodes containing 
Ni pillars and Ni recesses (Figure 4a). The Levich relation-
ship for these two samples clearly indicates an improve-
ment in mass transport for the Ni pillars at higher rota-
tional speeds. The Ni recesses demonstrated a relatively 
linear relationship across the range of rotational speeds. At 
higher rotational speeds, the Ni pillars exhibited higher ac-
tivities than the Ni recesses. In contrast, the LSV experi-
ments presented in Figure 3b demonstrate that the Ni re-
cesses exhibited higher current densities at all the rota-
tional speeds than the Ni pillars. These conflicting results 
suggests that these electrodes require an equilibration pe-
riod to stabilize the OER current density. In addition, the 
higher OER performance of the arrays of Ni pillars at 
higher rotational speeds may be due, in part, to the fact 
that at higher rotational speeds the bubbles near the elec-
trodes may act as reservoirs for the uptake of dissolved ox-
ygen gas and smaller bubbles. A small amount of oxygen 
 bubbles that remain adhered to the Ni surfaces may be 
beneficial for enhancing OER activity at the higher mass 
transport regime.45-47  
 
Figure 4. (a) Levich plots for the structured Ni electrodes at 
an overpotential of 100 mV. The error bars represent a 1σ var-
iation in the measured current at steady state. (b, c) Fourier 
transforms of the chronoamperometric profiles for arrays of 
20-m ø cylindrical pillars and cylindrical recesses measured 
at an overpotential of 100 mV and at either a (b) low or (c) high 
rotation speed as indicated in each plot. 
The bubble release characteristics of micro-structured 
electrodes were further determined by analyzing the oscil-
lations in the measured currents during the CA experi-
ments. Previous literature suggests that these oscillations 
correlate with bubble release events from the electrode 
surfaces.37,48 The gradual accumulation of bubbles on the 
electrodes can impede reactants from reaching the elec-
trode surfaces, which leads to a gradual decrease in cur-
rent. An increase in bubble size destabilizes a bubble, 
which can lead to release of the bubble from the electrode 
surfaces. This release restores the Aecsa that was blocked by 
the bubble with a corresponding increase in the measured 
current. The dynamics of bubble release were further ana-
lyzed by extracting the frequencies and their correspond-
ing magnitudes from the observed oscillations in current 
through a process of fitting the CA profiles followed by 
Fourier transformation of these waveforms (Figures 4b-c). 
This analysis depicted significant differences in the fre-
quencies of oscillation in the current when comparing the 
Ni recesses to Ni pillars. The larger oscillations in current 
amplitude could correspond to the formation and release 
of larger bubbles at the surfaces, and the frequency of the 
oscillations could correlate to the rate of bubble release 
from the surfaces. Each type of electrode that exhibited 
larger oscillations in its current amplitudes corresponded 
to better OER activity according to the Levich plot (i.e. at 
lower rotational speeds for the Ni recesses and higher ro-
tational speeds for the Ni pillars). A higher frequency of 
oscillations in current corresponded to improved OER per-
formance at low rotational speeds, where adhered bubbles 
are not readily removed by the relatively low shear flows of 
analyte. The electrodes with lower frequencies in their ob-
served oscillations in current only exhibited a higher OER 
activity at higher rotational speeds, where persistent bub-
bles attached to the surfaces could serve as favorable oxy-
gen reservoirs. These findings along with the aforemen-
tioned results of the LSV, Levich, and Weber analyses, in-
dicate that the Ni recesses exhibit a lower adhesion to the 
oxygen bubbles that resulted in a more frequent release of 
bubbles from their surfaces. At lower rotational speeds, 
this destabilization of the adhered bubbles promotes the 
simultaneous release of multiple bubbles or the release of 
larger bubbles from the surfaces. On the other hand, bub-
bles formed on the arrays of pillars, with their reduced crit-
ical dimension of separation between their features (i.e. 7 
m separation of the pillars), were not as readily removed 
at lower rotational speeds. However, at higher rotational 
speeds, where most bubbles adhered to the electrodes are 
destabilized, the increased bubble adhesion and the subse-
quent release of potentially larger bubbles was demon-
strated to be beneficial to electrode performance for OER. 
The results from this study suggest that an electrode 
with a lower adhesion to bubbles is optimal for gas gener-
ation at low analyte perturbation. Electrodes with a higher 
adhesion to bubbles is optimal for systems with a higher 
shear flows across the electrode surfaces. The electrode 
wettability and surface morphology should be tailored to 
their intended applications, such as OER for ZAFC regen-
eration and water electrolysis. It has been previously 
demonstrated that surfaces with hierarchically arranged 
nano- and micro-structures can possess variable wetting 
properties.49-51 Surfaces with a balance of adhesion to both 
oxygen bubbles and electrolyte may futher improve 
electrode performance for OER. Future studies will utilize 
hierarchical structures to seek an optimal electrode surface 
morphology for OER.  
4. Conclusion 
It was demonstrated in this study that Ni micro-struc-
tured electrodes can have a positive impact on OER perfor-
mance in contrast to planar Ni electrodes. The morphology 
 of the Ni electrodes can enhance the mass transfer and ac-
tivities of OER. For example, uniform arrays of micro-scale 
Ni recesses and Ni pillars had excellent OER mass 
transport at low and high analyte perturbations, respec-
tively. These micro-structured Ni electrodes could be uti-
lized in water electrolysis systems (e.g., for generating fuel 
for PEMFCs), as well as fuel regeneration for ZAFCs. These 
structured electrodes could enhance bubble release, reduc-
ing the reaction overpotential for an overall more efficient 
generation of the requisite fuels. The improvement of OER 
activities with the inclusion of patterned, uniform arrays of 
micro-structures on Ni electrodes warrants a more detailed 
investigation by the field into the influences of micro-scale 
features on mass transport, bubble release and other aspect 
of electrochemical gas evolution reactions. Further im-
provements in the efficiency of these processes may result 
from additional studies into structure property correla-
tions.  
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